Background. Respiratory illness was reported among humans and swine at an agricultural fair in 2011; 3 human infections with an influenza A(H3N2) variant (H3N2v) virus were confirmed. Using epidemiologic investigation data, we sought to estimate H3N2v transmissibility from swine to humans.
From 2005 through 2010, 21 variant influenza virus infections (ie, infections in humans with influenza viruses that normally infect swine) were reported to the Centers for Disease Control and Prevention (CDC) at a frequency of between 1 and 6 cases per year. In July 2011, a new influenza A(H3N2) variant virus emerged that was a reassortant virus derived from a swine virus and 2009 H1N1 pandemic ( pH1N1) virus; this virus is hereafter referred to as H3N2v when it infects humans and H3N2pM when it infects swine. From July to November 2011, 12 cases of H3N2v were confirmed. This new virus had acquired the pH1N1 matrix (M) gene, which may increase transmissibility in animal models [1, 2] . H3N2v had not been detected before 2011, and although cases appeared to be occurring more frequently, the transmissibility of this variant virus from swine to humans had not been studied.
In dynamic models of disease transmission, the rate at which people become infected depends on the pathogen's transmissibility, the balance of susceptible and infectious individuals over time, and patterns of contact between susceptible and infectious individuals. In a 2-population (swine and human) model where swine are transmitting infection to humans, the proportion of humans infected is driven by the amount of contact between swine and humans, the probability of transmission when contact occurs, and the changing proportion of infectious swine. Given the incidence of infection among swine, the incidence among humans, and a measure of swine-human contact, one can infer the transmissibility of the pathogen.
In August 2011, an outbreak of respiratory illness occurred among humans and swine at an agricultural fair (Fair A) during which 3 human infections with H3N2v virus were confirmed. Using data from an epidemiologic investigation of the outbreak [3] , we developed a mathematical model to estimate the transmissibility of H3N2v from swine to humans at the fair. Using this model, we conducted an outbreak simulation to estimate the total number of H3N2v infections among Fair A attendees acquired from swine at the fair.
METHODS

Epidemiologic Investigation
The model was based on a retrospective cohort study of agricultural club members who participated in Fair A [3] . In this study, swine contact was defined as touching swine or visiting the swine barn, swine show, or swine auction. Suspected H3N2v cases were defined as club members having ≥1 respiratory symptom (cough, sore throat, or runny nose) and ≥1 symptom from 1 of the following categories ≤7 days after attending the fair: fever (>38°C or subjective fever), gastrointestinal (diarrhea or vomiting), or constitutional (fatigue, muscle aches, joint pain). A total of 127 club members were interviewed about their symptoms and swine exposure at the fair using a standard questionnaire. Our model was limited to 100 (79%) members reporting swine contact at Fair A. Those reporting no swine contact were considered not to be at risk for swine-acquired H3N2v virus infection in the model. Members reporting swine contact had a median age of 13 years (range, 4-19 years), and 13 (13%) members met criteria for suspected H3N2v infection. For the initial model, we assumed all suspected cases were attributable to H3N2v infection, although none underwent diagnostic testing for influenza. The duration of swine contact per day was not collected during interviews; an average value was estimated for all members based on informal open-ended discussions with members. Some swine exhibitors reported respiratory illness among swine during or in the week after the fair [3] , but none of the swine were tested for influenza. In the model, we assumed that illness among swine was attributable to H3N2pM.
Model Base Parameters
Swine-human contact (C sh ) was represented by the amount of time that the 100 swine-exposed club members spent in the swine barn, which was estimated at an average of 60 minutes per person per day (Table 1 ). Immunity to H3N2v among club members was estimated at 10% based on prior studies of the prevalence of cross-reactive antibodies to H3N2v in children using similar variant influenza viruses [4] [5] [6] . The estimated fraction of humans with preexisting immunity to H3N2v was removed from the initial susceptible population. The incubation period of H3N2v in humans was estimated at 2 days based on the cohort study data. The duration of infectiousness was estimated at 5 days based on prior studies of seasonal influenza viruses [7] . There were 208 swine at the fair, and 1 swine was reported to have a febrile illness at the start of the fair. This swine was assumed to be the index swine case of H3N2pM virus infection, although it was not tested for influenza virus. The reproduction number of H3N2pM among swine (R ss ) was estimated at 2 based on experimental studies of swine influenza transmission in swine [8] . The duration of infectiousness in swine was estimated at 5 days [8, 9] . The period of swine-to-human and swine-toswine contact was limited to the duration of the fair (9 days).
Model of H3N2v Transmission
We developed a population dynamic (susceptible-exposedinfectious-recovered) model of swine-to-human H3N2v transmission ( Figure 1 ). Swine could be susceptible to H3N2pM (S s ), infected with H3N2pM (I s ), or recovered from H3N2pM (R s ). N s is the total number of swine. Humans transitioned between 4 states: susceptible (S h ); exposed (E h ), which includes humans exposed to infected swine but not yet symptomatic; infected (I h ); and recovered (R h ). The exposed state was specified for humans to simulate an incubation period between the acquisition of infection from swine and the onset of illness in the human.
The model included 2 modes of H3N2v/H3N2pM transmission: swine-to-swine and swine-to-human. Swine were housed in a barn in close proximity to each other for the duration of the fair and were much more likely to be exposed for long periods of time to ill swine than to ill humans; therefore, new infections among swine were assumed to have been acquired from other swine and not from infected humans. The rate of infection in humans was set to be proportional to the prevalence of infection among swine in the model. Because contact with infected swine is a risk factor for H3N2v infection and sustained human-to-human transmission had not been described with this virus, new infections in humans were assumed to be acquired from infected swine and not from infected humans.
The model (Figure 1 ) was defined by the set of ordinary differential equations:
where C sh is the minutes of swine contact per person per day, P sh is the H3N2v swine-to-human transmission probability per minute of contact with the infectious swine population, κ h is the rate of progression from exposed to infected among humans (1/incubation period), σ h is the recovery rate among humans (1/duration of illness), β ss is the force of infection from swine to swine, and σ s is the recovery rate among swine (1/duration of illness). β ss is R ss × σ s , where R ss is the swine-to-swine H3N2pM reproduction number.
The model was fit to the cumulative incidence of suspected H3N2v infections among the agricultural club cohort by solving the set of differential equations for transmission probability by successive iterations using the Runge-Kutta 4 method of integration. A stochastic model using a Poisson distribution around the best-fit transmission probability and a Gaussian distribution around incubation period (μ = 2 days, σ 2 = 0.5) was run for 100 simulations to illustrate the range of possible outcomes around the deterministic estimate. The deterministic and stochastic models were implemented using Berkeley Madonna software (version 8.3.18 for Windows, Berkeley, California). The log likelihood of transmission probability was calculated by comparing simulated vs observed incident human H3N2v virus infections while varying the transmission probability. A 95% confidence interval (CI) was calculated for transmission probability based on the likelihood ratio test. Figure 1 . Model of influenza A(H3N2) variant (H3N2v) transmission from swine to humans. Abbreviations: S h , susceptible humans; E h , exposed humans; I h , infected humans; R h , recovered humans; S s , susceptible swine; I s , infectious swine; R s , recovered swine; C sh , minutes of swine barn contact per person per day; P sh , swine-to-human H3N2v transmission probability per minute of contact with infectious swine; κ h , rate of progression from exposed to infected among humans (1/incubation period); σ h , recovery rate among humans (1/duration of illness); β ss , force of infection from swine to swine, σ s , recovery rate among swine (1/duration of illness).
Simulation of H3N2v Outbreak Among All Fair A Attendees With Swine Contact
Based on the best-fit transmission probability of H3N2v from swine to members of the agricultural club cohort, we then simulated the number of swine-acquired H3N2v infections at Fair A, which was attended by approximately 70 000 people. Data on the age distribution and prevalence and duration of swine contact for Fair A attendees were not available; these parameter estimates for Fair A attendees were based on a survey conducted at Fair B, a fair in the same county occurring 3 weeks after Fair A. Thirtythree percent of the Fair B attendees were aged <20 years; the prevalence of swine exposure was 28% among Fair B attendees aged <20 years and 18% among attendees aged ≥20 years ( Table 1) . The mean swine-to-human contact rate among Fair B attendees reporting swine contact was estimated at 5 minutes per day. Based on prior serologic studies, preexisting immunity to H3N2v was estimated at 10% among persons aged <20 years and 50% among persons aged ≥20 years [4-6, 10].
Sensitivity Analysis
Our base analysis assumed that all suspected cases among the agricultural club cohort were due to H3N2v. We conducted a sensitivity analysis in which 75% of cases were assumed to be attributable to H3N2v. This assumption was based on limited serologic testing which found that 4 of 6 children <4 years of age who provided convalescent serum samples were seropositive to H3N2v [3] . The model was refit using the lower cumulative incidence to estimate the transmission probability (P sh75 ). P sh75 was used to simulate the expected number of H3N2v virus infections among Fair A attendees with swine contact.
RESULTS
Assuming R ss of 2 for swine-to-swine transmission [8] , we estimated that 10.5 of the 208 swine became infected with H3N2pM ( Figure 2 ). The probability of H3N2v transmission to a susceptible human for each minute of contact with the infectious swine population (P sh ) was estimated to be 0.024 (95% CI, .012-.040). The proportion of infectious swine in the swine barn (I s /N s ), ranged from 1 of 208 (0.005) at the start of the fair to 5.60 of 208 (0.027) on the last day of the fair. The 100 stochastic simulation runs, which assumed P sh = 0.024, produced a total number of H3N2v infections among the cohort ranging from 8 to 26, illustrating 100 possible outcomes of the model based on probability distributions around this estimate of P sh and the incubation period of H3N2v.
Among the population of 70 000 Fair A attendees, 14 910 were estimated to have swine contact and thus were at risk for swine-acquired H3N2v. Among the 14 910, of whom 10% of persons <20 years of age and 50% of persons ≥20 years of age were assumed to have immunity to H3N2v, we applied a P sh of 0.024 to estimate the number of swine-to-human H3N2v transmission events that occurred at Fair A. The simulated number of swine-acquired H3N2v infections among fair attendees aged <20 years was 80 (95% CI, 40-133; Figure 3 ). The simulated number of swine-acquired H3N2v infections among fair attendees aged ≥20 years was 58 (95% CI, 29-96). Among fair attendees with swine contact, 1.2% (95% CI, .6%-2.1%) became infected with H3N2v in the <20-year-old age group and 0.7% (95% CI, .3%-1.1%) became infected in the ≥20-year-old age group. For the sensitivity analysis in which 75% of the suspected cases among the club members were assumed to be attributable to H3N2v, the P sh75 was 0.017 (95% CI, .008-.029) per minute of contact with the infectious swine population. The simulated number of H3N2v infections among fair attendees with swine contact with P sh75 = 0.017 was 0.9% (95% CI, .4%-1.5%) among persons aged <20 years and 0.5% (95% CI, .2%-.9%) among persons aged ≥20 years.
DISCUSSION
Using early epidemiologic data from the first known fairassociated outbreak of H3N2pM/H3N2v, we developed a model to estimate the transmission potential of H3N2v from swine to humans. The transmission probability estimated from the investigation data was then applied to simulate the outbreak among a large population of fair attendees. Although only a third of fair attendees were <20 years old, more infections were expected to occur in this age group than among adults based on their levels of prior immunity to H3N2v and their patterns of swine contact.
This model estimates a probability of H3N2v virus infection of 0.024 for each minute a person spent in contact with the infectious swine population at Fair A. The risk to an individual fair attendee of H3N2v infection depends not only on the transmission probability, but also on that individual's contact with swine, his/her immunity to H3N2v, and whether the swine contacted by that individual were in the infectious stage of H3N2pM. The proportion of fair attendees infected in the simulation model should not be generalized to other fairs where the incidence of H3N2pM among swine or the patterns of swine-to-human contact may be different. The transmission probability estimated by this model is best applied to estimating the relative impact of H3N2v on fairs where the model components, including the number of swine, the prevalence of infection in swine, the number and age distribution of fair attendees, and the duration of swine-to-human contact, are known. The model can also be used to simulate the impact of interventions such as limiting duration of swine-to-human contact or dismissing swine from the fair.
Although H3N2v virus infections are expected to be rare among fair attendees who may have only brief contact with infectious swine, local and state fairs are often widely attended. Efforts to prevent influenza among swine at fairs could decrease the risk of human infections. Screening swine for illness before admission to the swine barn and promptly removing or isolating any ill swine, in addition to canceling swine events at fairs where a swine influenza outbreak is occurring, might reduce contact between infected and susceptible swine and mitigate a swine influenza outbreak. These measures were implemented in 2012 at fairs by states with H3N2v outbreaks and likely led to a decrease in human infections [11] [12] [13] . Vaccination of swine, particularly with a homologous strain, reduces the likelihood of infections among swine and reduces viral shedding [8, 9, 14] . Decreasing viral shedding by vaccination may limit opportunities for swine-to-human transmission of influenza viruses. Reducing contact with infected swine, especially among children who are at greater risk for H3N2v infection due to low preexisting immunity [4] , may prevent outbreaks of variant influenza. In August 2012, the CDC issued a recommendation that children <5 years of age and persons with underlying health conditions that place them at high risk for influenza complications [15] should avoid swine contact at agricultural fairs during the 2012 fair season [16] . This study is subject to certain limitations. The data used for fitting the model are limited to suspected, not confirmed, H3N2v (among humans) and H3N2pM (among swine) infections. This approach can be justified by the fact that the Fair A outbreak occurred before the typical influenza season and H3N2v infections were confirmed among attendees. However, noninfluenza respiratory viruses may have contributed to illnesses reported among agricultural club members. If only a proportion of the illnesses observed in the cohort were due to H3N2v, but the number of swine infected and the patterns of swine contact remained the same, the virus would be less transmissible from swine to humans, and fewer infections would be predicted among the entire fair population. In the sensitivity analysis, the proportion of attendees affected was lower than the proportion in base analysis, although this difference was not statistically significant. Minutes of swine exposure were not assessed for individual cohort members or other Fair A attendees; instead, the average duration of swine-human contact was estimated for both groups. In the model, the best-fit transmission probability from swine to human is inversely proportional to the minutes of swine exposure assumed for the cohort members. The values used for relative duration of swine contact among cohort members and other Fair A attendees may be imprecise. In addition, swine contact can be characterized by measures other than the number of minutes spent in the swine barn, such as whether the swine were handled directly or observed from a distance; these other measures of swine contact were not included in the model and may be different between cohort members and other fair attendees. The reproduction number of H3N2pM among swine was estimated from experimental studies of influenza A transmission; this estimate determined the number of swine in the model who were infectious. Although illness was observed among swine, no swine were tested for influenza at Fair A. The true number of infectious swine could have been higher if many asymptomatic infectious swine were present, or lower if some of the illness observed among swine was not due to influenza. The study was not designed to assess human-to-human transmission of H3N2v because the transmissibility of H3N2v among humans and patterns of contact among agricultural members and fair attendees were not known. Therefore, this model estimates the number of swine-acquired H3N2v infections, and not the total number of H3N2v infections, among fair attendees. If some infections among the cohort members were acquired from humans rather than swine, the transmission probability from swine to human would be lower. However, among hundreds of H3N2v cases identified in 2012, human-to-human transmission seems to be inefficient and limited [17] .
Despite these limitations, developing this model based on early investigation data allowed us to estimate the transmission risk of an emerging zoonotic pathogen with unclear transmission properties. It also allowed simulation of the burden of H3N2v infections among all Fair A attendees. This method demonstrates how mathematical modeling can be used with epidemiologic investigations of zoonotic outbreaks to better understand transmissibility. More than 300 fair-associated H3N2v cases have been identified in multiple states since July 2012, and most cases have occurred among children who attended agricultural fairs [17] . Future investigations of H3N2v outbreaks, especially where swine contact can be measured and infections in swine and humans can be confirmed with diagnostic testing, will further inform this model and improve estimates of transmission risk.
Notes
